The different sources of information that can be used to estimate time-to-contact may have different degrees of reliability across time. For example, after a given presentation or display time, an absolute change of angular size can be more reliable than the corresponding estimation of the rate of angular expansion (e.g. motion information). One could then expect systematic biases in the observer's responses for different times of stimulus exposure. In one experiment, observers judged whether approaching objects arrived at the point of observation before or after a reference beep (1.2 s) under monocular, and binocular plus monocular vision. Five display times from 0.1 to 0.9 s were used. Unlike monocular viewing, where accuracy increased monotonically with display time, an interesting non-linearity occurred for objects with small size when binocular information was available. Accuracy reached maximum values for small objects with only 0.3 s of vision with stereopsis. This accuracy, however, dropped significantly after 0.4 s of exposure and increased again linearly with time. This is consistent with subjects switching from using binocular information to using monocular motion information when it started to become more reliable. We also explored whether monocular cues were combined differently across time by fitting a model that relates visual angle to its rate of expansion. Results show that subjects relied more on angular motion information (i.e. rate of expansion) with presentation time but interrupting this motion integration process led to a loss of accuracy in time-to-contact judgments.
Introduction
To estimate time-to-contact (TTC) reliably is very relevant in daily life for many different tasks. During the last years much empirical evidence has accumulated so as to discard the use of a limited set of variables and favour instead a diversity of solutions being rate of angular expansion _ h the most privileged source of information (Lugtigheid & Welchman, 2011) . Angular variables like visual angle h and _ h can be combined in different ways in order to improve TTC estimates. The best known combination is s (e.g. Lee, 1976) which is the ratio h to _ h. However other combinations have received behavioural, computational or physiological support (linear combination of h and _ h: Smith et al. (2001) ; g-function: López-Moliner & Bonnet, 2002; modified-s: Keil & López-Moliner, 2012) . In addition to combining these angular variables, additional contribution of physical variables (e.g. physical size) in the modulation of TTC estimates has gained relevance in the literature. In this sense, known size (López-Moliner, Field, & Wann, 2007) , size familiarity triggered by familiar textures (DeLucia, 2005; Hosking & Crassini, 2011) or size reliability have all shown to be important in TTC estimation.
In spite of the large number of studies addressing TTC estimation, few studies have focused on whether the use of different information to extract TTC varies across time. Different sources of information that can be used for TTC estimation might have different reliability for distinct sub-components of a given trajectory. For example, binocular information could be more useful when the retinal size is too small to obtain reliable estimates of the rate of expansion. In addition, longer viewing time could favour the use of motion information (e.g. _ h) because longer integration time would thus improve the signal-to-noise ratio of _ h estimates during the approach . There are, therefore, reasons to expect that different presentation or display times would encourage the use of different variables. A clear answer to this question, however, has remained elusive because much less attention has been devoted to the time course of estimating TTC.
An early study, McLeod and Ross (1983) systematically manipulated presentation times (from 2 to 6 s) with initial TTC values ranging from 9 to 3.6 s. These presentation times are well above critical integration times for the motion system (e.g. Burr & Morrone, 2011) and initial TTCs were long enough to possibly elicit cognitive strategies (Tresilian, 1995) . Very recently, Keil and López-Moliner (2012) proposed a computationally and biophysically plausible model that can explain the course of temporal integration of monocular information in a TTC judgement task. Although the proposed model did not use binocular information, it is at least theoretically possible to obtain an estimate of velocity in depth (''rate of disparity change'') from integrating relative disparity in a way that is equivalent to using rate of expansion (López-Moliner, Field, & Wann, 2007) . Here we aimed at exploring whether there is some systematic change in the use of visual information with display time. We address this objective in two complementary ways. First we will compare performance between binocular plus monocular versus monocular only conditions across time. This will allow us to see whether there is any switch from using binocular to monocular information, or the other way around. In accordance with previous work (Gray & Regan, 1998) , however, the former switch seems more likely. In this study, the authors showed that the relative effectiveness of both monocular and binocular cues depends on object size. Basically, they showed that accurate estimates of TTC with small targets are based on binocular information. Of course, any switching would be revealed under the assumption that subjects could flexibly switch between sources of information (monocular and binocular). Although this has not been shown to happen along the same trajectory, a previous study (Rushton & Wann, 1999) reported that subjects can switch between both information sources and use the one that signals the earlier arrival time. We will see if subjects show this flexibility along the same trajectory without conflicting information. Comparison between viewing conditions (e.g. monocular versus binocular) will be mainly based on accuracy and precision measures.
Switching to different variables can also take place under monocular viewing. In the second place, we will then explore whether there is any shift in the weights given to different monocular information across time. Differential weighting between distinct monocular variables will be revealed by fitting a model that combines rate of expansion and visual angle. Not only is this important to address the time course of using monocular information, but also to provide converging evidence for a potential shift between binocular and monocular information. If this shift, from binocular to monocular did happen we would then expect the use of similar information (e.g. similar combination between h and _ h) in the late part of a trajectory between monocular and binocular conditions.
Methods

Subjects
Five subjects that were members of the department at the University of Barcelona took part in the experiment. All had normal or corrected-to-normal vision and were experienced psychophysical subjects, but naive with respect to the aims of the experiment. None of the subjects was stereo blind (StereoFly test, Stereo Optical Co.). The research in this study is part of an ongoing research program that has been approved by the local ethics committee.
Stimuli and apparatus
Stimuli were displayed on a Phillips 22-in. monitor (Brilliance 202P4) at a refresh rate of 120 Hz and a screen resolution of 1154 Â 864 pixels. A 3Dlabs VP870 video card controlled the stereo shutter spectacles (CrystalEyes). Simulated targets were uniform disks that moved on a collision trajectory along a line that passed the midpoint between the subject's eyes. The screen was one meter from the subject's eyes.
Seven initial time-to-contact (TTC) values (1.015, 1.07, 1.135, 1.2, 1.27, 1.34, 1.419) were combined with two different sizes (diameter: 1 and 2 cm) and five display or presentation times (0.1, 0.3, 0.5, 0.7, 0.9 s) resulting in 70 different combinations. The two objects (small and large) initially subtended mean visual angles of 0.41 (range: 0.36-0.48) and 0.81 deg (range: 0.72-0.95) respectively. We varied the initial simulated starting distances (between 1.2 and 1.6 m) and the velocity was then determined for each initial time-to-contact. These different combinations were shown under two viewing conditions: monocular and monocular plus binocular (hereafter binocular). In the binocular condition the two images were rendered consistently with the inter-ocular distance of the corresponding subject at a frame rate of 60 Hz for each eye. Only the target was visible, therefore relative disparity cues were not present. In the monocular condition the non-dominant eye was patched.
Procedure
Each simulated object appeared at its initial distance. After one second, the object started approaching the observer at the designated constant velocity and was visible for the corresponding display time. An auditory beep indicated the reference time (see Gray & Regan, 1998; López-Moliner, Brenner, & Smeets, 2007; Mouta, Santos, & López-Moliner, 2012) . This beep was always presented exactly 1.2 s after the object started approaching. The subject was instructed to press one of two buttons to indicate whether the object had contacted the eye plane before or after the reference beep. In each session, the subjects were shown all 350 stimuli in random order that resulted from five repetitions times the 70 combinations. Each subject took part in five sessions per viewing condition. The order of the viewing condition was counterbalanced across subjects. Feedback of incorrect responses was provided after each trial.
Analysis
The main analysis consisted in fitting a cumulative Gaussian curve with two free parameters (mean l and SD r) to the proportion of ''after-the-beep'' responses, later responses hereafter, as a function of initial TTC, as follows:
pðlaterÞ ¼ Fðt; l; rÞ ð 1Þ p is the probability of ''later'' responses given a value t of the simulated TTC, l is the mean of the distribution and denotes the point of subjective simultaneity (PSS), that is, the TTC value that elicits 50% ''later'' responses. A larger PSS (curves shifted to the right) means that the object appears to arrive earlier (fewer ''later'' responses) than reference beep (1.2 s). A fit of Eq. (1) to the data points pooled across subjects provides us with a general picture of the data pattern. We used the modelfree package implemented in ''R'' (R Development Core Team, 2007) to find maximum likelihood estimates for the parameters l and r. In addition to the psychometric summary provided by a fit to the pooled data, individual fits allowed us to obtain the accuracy and precision of TTC judgements for each individual subject.
We conducted a second type of analysis which aims at exploring the time course of combination between the different monocular information available for performing the task. More specifically we wanted to see how rate of expansion _ h and visual angle h are differentially weighted across different display times.
In order to do so, we relied on the g model (Gabbiani et al., 2004; Hatsopoulos, Gabbiani, & Laurent, 1995) that describes a combination between these two optical variables and was proposed to model locusts' looming-detector responses. The g model can be described as a function of time as follows:
where C is a constant that modulates the overall magnitude of the neuron's response and a is a parameter that prevents the neuron from being saturated close to the collision due to a very large excitatory response. g has an ascending phase whose slope is inversely proportional to object's optical size and has a peak before the collision occurs. Larger objects reach this peak earlier than smaller approaching objects moving at the same speed. Interestingly, parameter a determines the degree of inhibition due to increasing optical size and therefore denotes how both variables interact (see Fig. 4A ). For example if a = 0 then the g model becomes equivalent to the rate of expansion _ h. Experimental and theoretical evidence suggests that the g function should be understood as a phenomenological model . In spite of the fact that psychophysical data might be well described by eta (López-Moliner & Bonnet, 2002) , the underlying biophysical mechanisms could be very different . Unlike s, g does not signal the remaining arrival time, instead it shows a peak before collision (see Fig. 4A ) at the same angular size. Because the time that remains from the peak until collision depends linearly on the size-to-velocity ratio (with slope a) it could modulate the speed of motor responses or just elicit escaping behaviour. Despite these differences with s and given that neither of them implements an plausible neurophysiological model, they both could be expression of a more general biological implementation . With that being said, our aim is not, however, to describe psychophysical data by using the g model but to obtain a measure of the degree of use of the two optical variables h and _ h.
As said above, the a parameter provides us with an indication of the use of either variable along a continuum. Low values of a will denote more weight for _ h while high values of a will imply that visual angle is more heavily weighted in the judgements. Our objective was then to estimate the a parameter for each presentation time and viewing condition. To do this, we first obtained the g values by iterating (from 100 to 0, by increments of À1) through a values and using Eq. (2) with a constant amplitude (C = 1). In each iteration we proceed as follows. For the h and _ h variables in Eq. (2), we used the values shown in the last frame of the presentation of the corresponding condition to compute the g function. Once the g values were computed, we fitted the cumulative Gaussian to the the fraction of later responses as a function of g and kept the deviance values for each a as an indication of the quality of the fit. After one iteration loop ended, we retained the a value with the best fit (lower deviance). We repeated this iterative procedure for each presentation time and viewing condition.
Results
Fig . 1A shows the proportion of ''later'' responses as a function of TTC with the best cumulative Gaussian fit for each presentation time, viewing condition (binocular, monocular), and size (small, large). Data of Fig. 1 were pooled across subjects. The corresponding parameters, point of subjective simultaneity (PSS) and the standard deviation of the cumulative Gaussian, are shown in Fig. 1B and 1C respectively. The error bars for each parameter denote the 95%-Confidence Interval (CI) estimated by using parametric bootstrap (Efron & Tibshirani, 1993) It is clear from Fig. 1 that subjects did not respond to the average of the stimulus set because the mean of the distribution (PSS) shifted with presentation time as shown in the increasing bars of Fig. 1B . In both viewing conditions (monocular and binocular), the PSS grows in a linear fashion from the presentation time to the expected standard value of 1.2 s at the same rate for both sizes. Before this presentation time, several differences between viewing conditions and size are worthy of further consideration. At 100 ms subjects' judgments show higher SD so that the corresponding psychometric curves are shallower with respect to initial TTC (Fig. 1A: more transparent curves) . Their responses are somewhat biased to later responses (that is the target had arrived at the point of observation after the beep) resulting in smaller PSS for 0.1 s (Fig. 1B) . Small sized targets (grey bars) show a slightly larger bias. This would be consistent with smaller retinal sizes to collide later, probably explained by the higher noise conveyed by the image . This bias to later responses is also present in longer presentation times until a display time of 0.9 s. In Keil and López-Moliner (2012) a neurophysiological plausible model was fit to monocular data which showed the same kind of bias. The model, called corrected modified (cm-s) is essentially a sum of two terms: an g-like term (s mod ) that can predict g-type responses (e.g. escaping behaviour based on the peak of the function) and a slowly adapting correction term At 300 ms of presentation time appears an interesting interaction between viewing condition and size. Accuracy (i.e. PSS) in the binocular condition and small size was nearly perfect (PSS = 1.2 s) for this presentation time (grey bar in Fig. 1B binocular). This pattern is very consistent across subjects and the PSS is not significantly different from 1.2 (bootstrap p value = 0.54). More important, however, is that although this specific behaviour is revealed by the pattern at a single time point (binocular small size at 300 ms), the pattern comes from estimating the PSS by fitting a psychometric curve to the corresponding set (binocular viewing at 0.3 s and small size) of seven points in Fig. 1A . Therefore, this pattern can hardly denote an anomaly or anecdote.
Performance then dropped very consistently at 0.5 s to the level of the large object. The pattern for the small size was very different in the monocular condition as the PSS always grew close to a linear fashion with display time.
The precision of judgments, as denoted by the SD of the fitted psychometric curves, monotonically increased with presentation time (i.e. SD decreased in a non-linear way as shown in Fig. 1C ). The insets of Fig. 1C show the SD as a function of presentation time in log-log coordinates. The linear fit in this log-log plot reveals that SD decreases, on average, by one millisecond for every millisecond that display time is increased. The slope for both sizes was virtually minus one in the binocular condition: À1.09 (95%-CI: À1.71, À0.46) and À0.98 (95%-CI: À1.34, À0.63) for the small and large size respectively. Therefore the variability in performance decreases, on average, by one millisecond for every millisecond that display time is increased.
Although the slopes were close to one in the monocular condition, the slope for the big size was significantly lower than the slope for the small size (À0.78 versus À1.12). A t-test on the slopes yielded a significant difference in the monocular condition (t = 3.29, p = 0.002). The small size slope was not different from one. The best precision values we obtained (Weber fractions about 8.3%) for the longer display time are consistent with previous published values in tasks that have used a sound to signal the reference time (e.g. Gray & Regan, 1998; López-Moliner, Brenner, & Smeets, 2007) and smaller than the precision reported in Mouta, Santos, and López-Moliner (2012) where different complex and biological motion was used.
The overall pattern of TTC estimation could also be observed in the early sessions (first two sessions for each viewing condition). Fig. 2 plots the PSS estimated from the first two sessions (data pooled across subjects) against the final PSS. Only the PSS for the small size when the presentation time was 0.1 could not be estimated reliably (PSS = À1.7 and 5.38 for the binocular and monocular conditions respectively). This data point is not shown in Fig. 2 in order to keep the scales in a reasonable range. Importantly, the early advantage (0.3 s presentation time) for the small size object under binocular viewing can also be observed. The early PSS for the small target 1.118 (final PSS is 1.170). However the difference in the early PSS between the small and large targets for this presentation time was not yet significant (1.118 versus 1.004 s) as revealed by the overlap between the confidence intervals of the PSS estimated with bootstrap. This is expected as the bootstrap simulations rely on less trials. values of the a parameter (see Section 2). The corresponding a values as a function of display time are shown in Fig. 4B . Recall that the value of a reflects the degree in which visual angle inhibits rate of expansion. If a is very small then means that subjects are basically using the rate of expansion _ h to make their judgements. As can be seen in Fig. 4B , a clearly decreased with more presentation time. This can be regarded as the exponential-like grow of rate of expansion being less inhibited by the increasing optical size when more display time was available. In sum the modulation of the a parameter with display time reflects a different role of optical size through time.
Weighting of rate of expansion
Discussion
Here, we reported a clear dissociation between bias (accuracy) and precision of TTC judgments in the binocular condition. Precision, the inverse of response variability, always increased as a function of display time of moving stimuli. On average, the gain in precision could be well predicted by the increasing duration of presentation time. However, accuracy depended on the size of the target and the viewing condition. While in the monocular condition accuracy always increased with display time, its trend depended on size when binocular information was available. The accuracy trend in the monocular condition could be explained by the improvement of signal-to-noise ratio in estimating the rate of angular expansion which was the main cue subjects could use in this viewing condition. Consistent with Gray and Regan (1998) subjects achieved high accuracy when the small size was viewed binocularly with an integration time of only 0.3 s. However, the binocular information did not help as much to estimate TTC for the larger target in the same presentation time. The fact that PSS and SD for the larger object in this presentation time was very similar between the two viewing conditions suggest that subjects based their judgements on monocular variables. The interesting finding is that this early high accuracy achieved for small targets dropped consistently across subjects between 0.3 and 0.5 s after motion onset as if the reliability of monocular estimates took over the reliability of binocular ones. From this time on, there are no differences in accuracy between the different sizes and viewing conditions. Is there a way to reconcile this dissociation between accuracy and precision? One potential explanation is that monocular and binocular cues are combined nearly optimally across time. Although we cannot quantitatively test this hypothesis because a binocular-only condition was not run, it could be a likely explanation. Optimal combination cares only about reducing the variable error (i.e. incrementing response precision) at the cost of committing systematic errors when the more reliable cue makes a different prediction. Therefore the accuracy at 0.3 s for small sizes could be due to subjects heavily weighting binocular information and biasing the response to a (nearly correct) binocular prediction. Since monocular information was more reliable for large targets than for small ones, the response to large targets was relatively shifted towards the monocular prediction. This was so in spite of the fact that these monocular cues did not yet reach maximum efficiency (e.g. expansion discrimination could need longer integration time). As a consequence, the monocular channels probably signalled a later arrival time than binocular ones at 0.3 s (e.g. at this display time the monocular TTC was on average overestimated). In Gray and Regan (1998) binocular information allowed accurate TTC judgements with a much smaller target size than ours (0.03 versus 0.4 deg). However they used a longer mean presentation time (about 0.7 s). The reported reliance on binocular information in our study for a 10 times larger object is then compensated by the shorter presentation time.
Unlike the cue switching mechanism proposed by Rushton et al. (1998) , which was revealed by using conflicting information, the change from binocular to monocular cues reported here seems to be based solely on the reliability of the signals and arises without an explicit manipulation of the TTC signaled by either cue. Future work will have to elucidate whether this binocular-to-monocular switch conforms to the predictions of optimal combination by systematically manipulating the reliability of either source of information.
